We report a versatile system for measuring excess noise and multiplication in avalanche photodiodes, using a transimpedance amplifier front-end and based on phase-sensitive detection, which permits accurate measurement in the presence of a high dark current. The system, which we have used successfully on a wide variety of materials and device structures, can measure reliably the excess noise factor of devices with a capacitance of up to ∼50 pF.
Introduction
Internal current gain is provided in avalanche photodiodes (APDs) when the photogenerated carriers acquire enough energy from the electric field to impact ionize [1] . This internal gain mechanism can improve the signal-to-noise ratio (SNR) of an optical receiver which uses an APD instead of a pin photodiode for converting the weak optical signal into an electrical current. However, the avalanche process is stochastic in nature and the increased sensitivity is limited by the level of excess noise generated by the avalanche process. This additional noise dominates at high values of multiplication and can degrade the overall SNR of the optical receiver. McIntyre's local noise model [2] , which relates the excess noise factor F to the mean multiplication M and the ratio of hole to electron ionization coefficients k = β/α is often used to characterize the noise performance of APDs.
Two techniques are generally used to measure the dependence of F on M in avalanche photodiodes. One involves the direct dc measurement of the photocurrent and avalanche noise, as described by Xie et al [3] , while the other uses chopped illumination and phase-sensitive detection (PSD) to recover these quantities, as described by Bulman et al [4] . In the former technique the current noise power spectral density is measured with a noise figure meter or a spectrum analyser, first under illumination and then in the dark, at the same bias voltage. Subtracting these two results gives the noise power associated with the multiplied photocurrent. In the latter technique, the light source is chopped, usually mechanically, to switch between illuminated and dark conditions. The switching frequency of the mechanical chopper is used as a reference for a phase-sensitive detector, often in the form of a lock-in amplifier (LIA), which extracts the signal of interest.
Several methods may be used to convert both the multiplied photocurrent and its shot noise into a voltage. Perhaps the simplest is to pass these currents through a load resistor and amplify the resulting voltage drop [3] [4] [5] [6] . If its Johnson noise current is not to swamp the signal the resistor must be kept large, when the charging time of the device capacitance limits the system bandwidth. Alternatively a transimpedance amplifier (TIA) can be used to overcome these problems. In this paper we describe a measurement system which employs a TIA as the front-end amplifier, followed by phase-sensitive detection, to measure both F and M in avalanche photodiodes.
Noise measurement system
A block diagram of our measurement system is shown in figure 1(a) . A TIA is used to convert the diode current into a proportional voltage. The device under test (DUT) is illuminated by a laser through a mechanical chopper, operating at around 180 Hz with a 1:1 mark:space ratio. The output voltage from the TIA consists of a noisy, square waveform at the chopper frequency. The peak-to-peak value of a noise-free version of this waveform, which is the difference between the diode current generated under illumination and in the dark, is therefore proportional to the mean photocurrent. The output voltage representing the photocurrent is buffered by a voltage follower, to present a high impedance to the TIA and smooth the signal, before being measured by a Stanford Research SR830 lock-in amplifier. The noise generated under illumination is different from the noise in the dark and this difference contains information about the noise associated with the avalanche gain process which multiplies the photocurrent.
Before the noise information can be extracted the photocurrent signal must first be removed. This is achieved by passing the output of the TIA, which contains both the photocurrent and its multiplied noise, through a bandpass filter (MiniCircuit SBP 10.7) with a bandwidth of 4.2 MHz, centred at 10 MHz. This removes most of the information associated with the mean photocurrent, contained at the 180 Hz fundamental and its harmonics, leaving only the information relating to the noise. The filter centre frequency of 10 MHz is chosen high enough to avoid 1/f noise [7] [8] [9] [10] but low enough to lie within the bandwidth of the TIA. After the bandpass filter the signal resembles an amplitude modulated noise waveform with a higher noise level during periods in the light than in the dark. This noise signal is then amplified before entering a squaring and averaging circuit, which acts as a power meter.
The noise signal is amplified by a cascade of amplifiers, giving a total gain of approximately 78 dB. A precision 0-60 dB attenuator is also included in the cascade to cope with the wide range of noise amplitudes. As shown in figure 1(a), the attenuator is placed early in the cascade to avoid the risk of saturating the output stages for large noise signals. The choice of amplifiers in the cascade is not critical since the measurement system noise performance is dominated by the TIA front-end. We used a cascade of two MiniCircuit amplifier modules and a current feedback operational amplifier in a non-inverting configuration. The power meter is based on an Analog Devices AD835 analogue multiplier, configured as a squaring circuit and the fluctuations on this squared output were largely removed with a low pass filter with a 1.6 kHz corner frequency. The output of the power meter was measured using a second Stanford Research SR830 lock-in amplifier and the DUT is biased using a Keithley 237 voltage source measure unit.
Transimpedance amplifier
The noise performance of the system is dominated by the TIA, which is the first component connected to the DUT. The TIA is based on a unity gain stable voltage feedback amplifier with a unity gain bandwidth of the order of 300 MHz. Devices from several manufacturers meet this requirement; we adopted the Analog Devices AD9631 [11] because, of the op-amps we tried, it gave the fewest stability problems. A schematic diagram of the TIA is shown in figure 1(b) . The issues of the front-end noise and stability are discussed in more detail below.
The device capacitance C p at the input port of the circuit results in a second-order response, given by
which relates the output voltage V o to the diode current I. The damping factor ξ and the undamped natural frequency w n are given by
gives the ratio of the voltage noise output V no of the TIA to the APD noise current I n from which it originates.
In arriving at this result it has been assumed that R s /R f 1, that the op-amp open loop gain can be approximated by a first-order system behaviour,
and that the open-loop dc gain A o is much greater than unity. C f is introduced to control the circuit damping. In the absence of C f the damping term in (1) is small and the gain peaks near the circuit's undamped natural frequency. R f governs the transimpedance gain. C p , C f , R f and the amplifier gainbandwidth product determine the useful bandwidth of the system. R f and C f were chosen as 2.2 k and 4.7 pF to give a reasonable compromise between maximizing both transimpedance gain and bandwidth and minimizing gain peaking for a range of values of C p between 5 pF and 50 pF. This range covers the capacitances of most APDs of interest. In reality the model based on the first-order op-amp behaviour underestimates problems of stability and gain peaking for two reasons. Firstly, the op-amp is a higher order system than first order and will introduce phase shifts, however small, in addition to that expected of a first-order system. Secondly, the layout of the circuit and the physical nature of its components introduce parasitic elements, particularly inductance, which are not considered in the model. The predicted and measured responses of the TIA are shown for two values of C p in figure 2(a) .
Under the same assumptions and approximations as those used to derive (1), the total mean square output noise voltage originating from the TIA is
The equivalent input noise current generated by the op-amp and the Johnson noise from R f cannot be distinguished by the TIA from the photocurrent noise and are consequently processed by the same transfer function. Since these two noise sources undergo exactly the same frequency-dependent amplification process as the noise on the photocurrent signal they contribute no frequency-dependent SNR degradation. The noise output due to the op-amp equivalent input noise voltage generator is more problematic. This term is multiplied by a frequency-dependent function whose magnitude increases at a rate of 6 dB/octave for frequencies higher than a corner of 1/{2πR f (C p + C f )}. With our chosen values of C f and R f and for values of C p of 10 pF and 50 pF the corner lies at 4.9 MHz and 1.3 MHz respectively. The effects of V A are amplified in this way only until the second-order roll off of 12 dB/octave comes into play, determined by the denominator of (2) . The net effect is to produce a peak that has the appearance of a resonance, as shown in figure 2(b) .
It is clear from figure 2(b) that the SNR of the system deteriorates as C p increases. For devices known to have a low 1/f noise corner frequency the effect of C p on the SNR could be reduced by reducing the centre frequency correspondingly. Since our system was to be used to assess novel structures, fabricated both in-house and elsewhere, the 1/f noise corner frequency was an unknown quantity. The measurement centre frequency was thus kept well above the highest 1/f noise corner frequencies that might be expected, even from devices which suffered badly from 1/f noise.
Effect of C p on the effective noise bandwidth B eff
The value of C p affects the frequency response G(f ; C p ) of the TIA/bandpass filter combination as shown in figure 2(a) and hence also its effective noise bandwidth, given by
where G o is the gain at the filter centre frequency. Since the bandpass filter response has fallen by 3 dB at 8 MHz and 12 MHz and falls even further outside these limits we restricted the frequency range of the integral in (3) to 1 MHz < f < 20 MHz. Equation (3) was evaluated for a number of values of C p and the results were found to fit well to the expression
where a = 4.4×10 6 Hz, b = 11.2×10 4 Hz pF −1 and c = 4.1× 10 2 Hz pF −2 .
Measurement of F (M )
In order to determine F the avalanche noise measurement system must be calibrated and checked for contributions from noise elsewhere in the system. Using a method similar to that of Bulman et al [4] , the calibration is performed by measuring the noise power as a function of the photocurrent in a Si photodiode at a fixed bias voltage, chosen low enough to avoid avalanche multiplication so that the photodiode exhibits only shot noise. The photocurrent is varied by adjusting the optical intensity with a variable optical attenuator. The measured noise power generated by a photocurrent I ph , subject to a mean avalanche gain, M, and excess noise factor F (M) is given by where B eff (C p ) is the effective noise bandwidth at the device capacitance C p and A are the total gain of the system. For our calibrating Si photodiode, of capacitance C Si , operated at unity gain and hence unity noise factor, the ratio of the noise power to the photocurrent is given by
The error between the measured and estimated shot noise, plotted in figure 3 for the Si photodiode, is around 0.5 dB, within the uncertainty of our measured gain. At low values of the photocurrent the measured noise power voltage saturates at a level which represents residual crosstalk from the 180 Hz reference signal.
The Si photodiode is now replaced with the DUT, of capacitance C DUT , and its noise power N DUT and corresponding multiplication M and multiplied photocurrent I = MI ph , related by
are measured as a function of reverse bias. Combining (6) and (7) we find that the excess noise factor of the DUT at multiplication M is given by
in which the correction factor for the dependence of the effective noise bandwidth on the device capacitance is found from (4). The multiplication must also be corrected for the dependence of the photocurrent on the voltage prior to the onset of multiplication, resulting from the bias dependence of the depletion width, using the technique described by Woods et al [12] .
Measurements
The measurement system described here has been used widely to determine F (M) in a variety of avalanche structures and material systems [13] [14] [15] [16] . Results for a GaAs p + -i-n the device capacitance, of different diodes on the same wafer were found to scale with device area. Excess avalanche noise measurements were performed on 100 µm diameter devices, with an average capacitance of 5 pF near breakdown, using a He-Ne 633 nm laser for pure electron injection. All diodes from the same wafer gave similar results for F (M). The results shown in figure 4 were measured on a device which exhibits a reverse I (V ) characteristic with dark current higher than the photocurrent over the range of multiplication measured. The results are similar to those of Anselm et al [17] and Li et al [18] , showing that this system is capable of measuring F (M) reliably, even in the presence of a dark current higher than the photocurrent.
Avalanche noise measurement sensitivity
The mean square noise voltage at the output of the TIA has two contributions, namely that resulting from the noise on the amplified photocurrent V 2 no given by (1) , and the background noise V 2 nT I A given by (2), together with the contribution from the dark current. Since the former contains information of interest to us we term the ratio of these the 'noise SNR' or NSNR, equal to
where I 2 nd is the mean square noise on the dark current. In the 'dark' half period of the chopper the noise power is proportional to the denominator, while in the 'light' half period the numerator provides an additional contribution. Clearly the NSNR decreases as the diode photocurrent falls and as the background noise increases.
The averaging process in the noise meter removes the high frequency fluctuations in these noise signals and the LIA provides further averaging. The phase-sensitive detection provided by the LIA measures the difference between the average values of the noise powers in the light and the dark periods, proportional to the noise on the amplified photocurrent. The sensitivity is limited by the time τ over which the averaging in the LIA is performed. Because of the stochastic nature of the noise its measured mean value has a variance which can be reduced by increasing τ , at the expense of prolonging the experiment. By employing a TIA we have enhanced the NSNR over that of a standard 50 amplifier by reducing the background noise without impairing the system bandwidth, although it is evident from (9) that the background noise increases with both dark current and device capacitance. By increasing τ the fluctuations on the measurement can, in principle, be reduced to such an extent that their variance no longer limits the system sensitivity, which is instead limited by crosstalk from the chopper reference signal, as depicted in figure 3 . In our experiments we used a shorter time constant τ of 3 s as a compromise between sensitivity and convenience.
We assessed the sensitivity of our noise measurement system as follows. Figure 5 shows our measurement of the minimum photocurrent required in our calibration Si photodiode (with a capacitance of 4 pF) to achieve a standard deviation of less than 10% on the noise level measured by the LIA. The result is plotted against the value of an additional capacitance C A connected in parallel with the photodiode to increase C p artificially and the minimum photocurrent is normalized to its value at C A = 0. Also shown is the dependence of the calculated photocurrent, normalized in a similar manner, required to maintain a fixed NSNR in (9) . Figure 5 also shows the effect, calculated from (9), of changing both C A and dark current in the NSNR. It is apparent that the dark current begins to affect the NSNR only at levels above ∼10 µA (as compared with typical values of ∼nA), whereas a device capacitance of a few pF can have a marked effect on reducing the NSNR.
Comparison with the system described by Xie et al, which has a minimum detectable power of −194 dBm Hz −1 [3] at 300 K corresponding to a photocurrent of 2.5 µA for a 50 input impedance, shows that our system reduces the minimum detectable photocurrent by 21 dB, thus allowing the shot noise to be measured from a photocurrent as low as 0.22 µA.
Conclusion
We have reported a versatile system using phase-sensitive detection and a transimpedance amplifier front-end which allows simultaneous measurement of the excess noise factor and multiplication in APDs in the presence of high dark currents. The excess noise factor can be measured on devices with a capacitance of up to around 50 pF. With low capacitance devices (around 4 pF), the excess noise factor can be measured from photocurrents as low as 0.22 µA. While this system restricts the capacitance of the measured device, which may be reduced by decreasing the device area, it allows devices with high dark currents to be measured reliably.
